Electrodes based on printed networks of single-walled carbon nanotubes ͑SWNTs͒ are integrated with ultrathin layers of the organic semiconductor pentacene to produce bendable, transparent thin-film transistors on plastic substrates. The physical and structural properties of the SWNTs lead to the remarkably good electrical contacts with the pentacene. Optical transmittances of ϳ70%, device mobilities Ͼ0.5 cm 2 V −1 s −1 , ON/OFF ratios Ͼ10 5 and tensile strains as large as 1.8% are achieved in devices of this type. These characteristics indicate promise for applications in power conserving flexible display systems and other devices.
Thin-film transistors ͑TFTs͒ based on transparent electronic materials, such as conductive oxides 1 and singlewalled carbon nanotubes ͑SWNTs͒, 2,3 could be useful for unusual applications such as see-through active matrix displays or certain classes of secure electronics. These devices could also be attractive as replacements for amorphous or polycrystalline silicon TFTs in backlit active-matrix liquid crystal displays due to their ability to provide high effective aperture ratios. TFTs based on organic semiconducting materials have potential applications in this area and in related systems that use flexible substrates. The ability to pattern these materials using printing-like processes over large areas on low temperature plastics is an important feature. [4] [5] [6] In addition, because many organic semiconductors are weakly absorbing in the visible ͑compared to, for example, a-Si͒, they can be useful in transparent systems. Recent work demonstrates transparent thin-film transistors ͑TTFTs͒ that use electrodes of indium tin oxide ͑ITO͒ and NiO x with organic semiconductors such as phthalocyanine and pentacene. 7, 8 The electrical performance ͑mobility ϳ5 ϫ 10 −3 cm 2 V −1 s −1 ͒ and degree of optical transparency ͑25%-30%͒ in these devices are, however, worse than those that have been obtained with the inorganic oxides. A significant challenge is that the contacts between transparent inorganic conductors and organic semiconductors are often poor and characterized by large Schottky barriers ͑SBs͒. We report here a class of mechanically flexible organic TTFTs based on ultrathin films of pentacene and transparent electrodes of networks of SWNTs formed by transfer printing of pristine tube grown by chemical vapor deposition ͑CVD͒. The excellent optical, electrical and mechanical properties of the devices and the remarkably good contacts that form between the pentacene and the SWNT electrodes represent potentially important results. Figure 1͑a͒ shows a schematic illustration of this type of organic TTFT. To build these devices, a sheet of poly͑ethyl-eneteraphtalate͒ ͑PET; thickness ϳ180 m͒ was first spin coated with a layer ͑thickness 580 nm͒ of epoxy ͑3000 rpm for 30 s of Microchem SU8-5 diluted with 66% of SU8-2000 thinner͒. Transfer printing 9 a CVD SWNT network 10 with moderately high coverage ͑ϳ55 tubes/ m 2 ͒ and low sheet resistance ͑9.5± 0.1 k⍀ /sq͒, onto the epoxy formed the gate electrode. A uniform AlO x film ͑thickness 100 nm͒ deposited on top of the gate by electron beam evaporation ͑3 ϫ 10 −6 Torr; Temescal BJD1800͒ and exposed to a brief oxygen reactive ion etching step ͑RIE; Plasmatherm RIE system, 20 sccm O 2 flow with a chamber base pressure of a͒ Author to whom correspondence should be addressed; electronic mail: jrogers@uiuc.edu FIG. 1. ͑Color online͒ ͑a͒ Schematic geometry of an organic TTFT on a plastic substrate ͑PET͒. Transfer printed SWNT films form the source/drain and gate electrodes. ͑b͒ Optical transmission spectra for the PET substrate, 15 nm amorphous Si ͑a-Si͒ on PET and the device structure measured through the source/drain regions and the channel regions. Inset: Optical image of an array of such devices, positioned above some printed text on paper to illustrate the degree of optical transparency. The arrow indicates the source/drain structures, which appear as faint gray squares. 100 mTorr, 100 W rf power for 30 s͒ promotes the wetting of another spin cast layer of epoxy ͑thickness 580 nm͒. The Al 2 O 3 /epoxy bilayer ͑capacitance 4.8 nF/ cm 2 , as measured with a capacitance meter, Agilent 4288A͒, formed the gate dielectric. A film of SWNTs with high coverage ͑Ͼ200 tubes/ m 2 , thickness 20-30 nm͒ and low sheet resistance ͑265± 2 ⍀ /sq͒ patterned by oxygen RIE ͑Plas-matherm RIE system, 20 sccm O 2 flow with a chamber base pressure of 100 mTorr, 100 W rf power for 240 s͒ through a photoresist mask ͑defined by standard photolithography with AZ5214 photoresist͒ on the growth substrate ͑Si wafer with 100 nm SiO 2 ͒ defined source and drain electrode structures. The same printing method used for the gate transferred these SWNT electrodes onto the epoxy/Al 2 O 3 /SWNT/epoxy/PET substrate. The final step of the fabrication involved patterning a layer of photoresist ͑AZ 5214, thickness 1.4 m͒ on the substrate and then thermally evaporating ͑base pressure 3 ϫ 10 −6 Torr, 0.5 Å / s at room temperature͒ a 15-nm-thick layer of pentacene ͑Aldrich, 99% purity͒. The relief structure associated with the resist electrically isolated the devices. The thickness of pentacene layer was chosen to slightly exceed the thickness of the transport layer. 11 The density of the SWNT networks was chosen to balance optical transparency with low sheet resistance properties. We found that the electrical performance of the devices could be improved significantly by treating the top surface of the epoxy with octadecyltrichlorosilane ͑OTS; 1 mM solution of OTS in toluene for 12 h at 300 K͒ prior to the pentacene deposition, as has been described in the literature for the case of SiO 2 dielectrics. 12 We speculate that some of the OTS adsorbs to the surface of the epoxy, thereby changing, in a favorable way, the wetting characteristics to the pentacene. Figure 1͑b͒ presents the optical transmittance for wavelengths between 400 and 800 nm ͑Agilent 8453 spectrometer͒. The average transmittances through the channel region and source/drain region ͑including all layers and the PET substrate͒ are ϳ80% and ϳ70% respectively, which is much better than amorphous Si with the same thickness and comparable to TTFTs built with inorganic conductive oxides.
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The absorption peaks at 668 and 628 nm correspond with the Davydov splitting of the highest occupied molecular orbitallowest unoccupied molecular orbital gap of pentacene.
14 The peaks at 582 and 542 nm correspond with the Frenkel exciton and second lowest unoccupied molecular orbital of pentacene, respectively. 15 The SWNT electrodes do not contribute significantly to variations in the transmittance in this wavelength range. The inset shows an image of an array of these TTFTs positioned above a logo of University of Illinois at Urbana-Champaign to illustrate the level of optical transparency. The source/drain structures appear as faint gray areas indicated by the arrow. Figure 2 presents at the performance of an OTS treated device that exhibits a mobility of ϳ0.6 cm 2 V −1 s −1 , an ON/ OFF ratio of 10 5 and a subthreshold swing of ϳ1.4 V / dec. Studies of collections of devices similar to this one, but without the OTS layer, show good scaling properties: saturation and linear mobilities are comparable to one another and independent of channel length. These results suggest good contact characteristics between the SWNT electrodes and the pentacene.
To gain a better understanding of the SWNT/pentacene contacts, we fabricated control devices that have the same layout as the organic SWNT TTFTs but which use 30-nm-thick Au source/drain electrodes ͑electron beam evaporated, Temescal BJD1800, 2 ϫ 10 −6 Torr͒ instead of SWNTs. The pentacene layers for both organic TTFTs and Au controls were deposited in the same run. Figure 3͑b͒ of L at different gate voltages for SWNT and Au devices, respectively. In this regime, R ON can be approximated as the sum of an L dependent channel resistance and an L independent parasitic resistance ͑R C ͒ at the contact. 16 As determined from the intercept of linear fitting, the parasitic resistance,R C , is significantly smaller in the SWNT compared to the Au devices. Also, the Au devices show a strongly nonohmic response in the triode region, consistent with previous reports. 17 The good contacts in the SWNT case are consistent with other observations 18, 19 and can be attributed to the structure and physical properties of the SWNTs. First, because both the pentacene and SWNT molecule share the same conjugated carbon hexagonal ring structure, the pentacene molecules, when deposited onto SWNT electrodes, stack on the surface of SWNT in a commensurate configuration, possibly similar to the epitaxial growth observed on graphite due to favorable -interactions. This growth can lead to interfaces that facilitate the electron injection from SWNT. 20 Scanning electron microscope images ͑Hitachi S-4700͒ of the SWNT-pentacene ͓Fig. 3͑a͔͒ and Au-pentacene ͓Fig. 3͑c͔͒ interfaces, show no disruption in pentacene grain structure near the SWNT electrodes but significantly smaller grains near the Au. This latter behavior leads to a large number of grain boundaries that can lead to poor injection and transport near the contacts. 21 Second, the high aspect ratio of the SWNT leads to field focusing that can depress the SB. 19, 22 Third, compared with metals, SWNTs do not have a strong surface electronic component. As a result, the surface dipole barrier of SWNT electrodes is much lower compared with their Au counterpart, which enables more effective carrier injection. 23 In addition to the good optical, electrical and contact properties, the SWNT based pentacene TTFTs have excellent mechanical flexibility, in part due to the robust bending properties of SWNTs and SWNT networks. 24 Figure 4 shows some results of bending tests, using systems described previously. 25 Figure 4͑a͒ compares the performance of a transistor before, during and after bending to a radius of 5 mm ͑i.e., tensile strain of 1.8%͒. Tensile strains greater than 1.5%-2% lead to failure of dielectric layer, as evidenced by large gate leakage currents. Figure 4͑b͒ shows the mobility ͑͒ in the saturation region normalized by the value without strain ͑ 0 ͒, as a function of bending induced tensile strain.
Unlike observations in devices with Au electrodes, 26 there is no significant change in mobility during bending, which may be due to the combined effects of good contacts and mechanical properties of the SWNT electrodes.
In summary, this letter demonstrates the integration of transparent SWNT electrodes with organic semiconductors to form flexible TTFTs on plastic substrates. These devices show good electrical properties ͑negligible contact resistances, and mobilities larger than 0.5 cm 2 V −1 s −1 ͒, bendability ͑radii of curvature Ͻ5 mm͒ and optical transparency ͑ϳ70% ͒. These features, combined with the printability of the active materials, suggest a possible role for devices of this type in transparent and other future electronic systems. 
